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Abstract—Steelhead Oncorhynchus mykiss (anadromous rainbow trout) in the Central Valley of California
were listed as threatened under the Endangered Species Act in 1998. Unfortunately, little is known about the
distribution of steelhead in the tributaries of the Sacramento—San Joaquin River system in the Central Valley
or the relationship between sympatric anadromous and nonanadromous life history types. We used analysis of
otolith strontium : calcium (Sr:Ca) ratios to determine maternal origin (anadromous versus nonanadromous)
and migratory history (anadromous versus nonanadromous) of rainbow trout collected in Central Valley rivers
between 2001 and 2007. Of the 964 otoliths examined, 224 were determined to be from the progeny of
steelhead females and 740 from the progeny of nonanadromous rainbow trout females. Progeny of steelhead
maternal origin were present at all of the sites sampled, but the proportion varied among sites (0.04-0.74).
Based on transects of otolith Sr:Ca ratios, only five fish were confirmed to be adult steelhead. This is a
conservative estimate of the distribution of adult steelhead since, due to conservation concerns, our sampling
only collected a limited number of adults. The remaining 214 fish older than age 4 were not anadromous, and
16 of them were determined to be the progeny of steelhead females. Overall, these results refine our
understanding of the distribution of steelhead in Central Valley rivers and confirm reports of steelhead

occurrence in those rivers.

The Central Valley of California is drained by the
Sacramento and San Joaquin rivers and was once home
to large runs of Chinook salmon Oncorhynchus
tshawytscha and steelhead O. mykiss (anadromous
rainbow trout) (Yoshiyama et al. 2000). Steelhead were
historically distributed throughout the Sacramento—San
Joaquin River system in the Central Valley of
California (Busby et al. 1996; McEwan 2001). Climate
and ocean effects and reduction of spawning and
rearing habitats throughout the Central Valley have
resulted in declines of steelhead returning to these
streams (McEwan 2001; Lindley et al. 2006) and, in
1998, steelhead populations in the Central Valley were
listed as threatened under the Endangered Species Act.
Despite their popularity as a sport fish and status as a
threatened species, little is known about the biology,
status, and life history of steelhead populations in the
Central Valley (McEwan 2001). Lindley et al. (2007)
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recommended that to assess the risk of extinction or
develop effective recovery actions for steelhead in the
Central Valley, determining the distribution of steel-
head and assessing the relationship between the
resident and anadromous forms of O. mykiss is a
fundamental need. Lindley et al. (2007) stressed that
any quantitative assessment of population viability will
be inadequate unless we understand the role that
resident fish play in population maintenance and
persistence of O. mykiss populations in the Central
Valley.

Like rivers in other regions, those in the Central
Valley contain both the steelhead and rainbow trout life
history forms of O. mykiss. How these two phenotypes
are related and interact is of concern to both resource
managers and researchers. Foote et al. (1989) identified
three possible genetic relationships between life history
forms of salmonids. First, alternative life history forms
are genetically isolated and represent separate repro-
ductively isolated populations. Second, alternative life
history forms are not genetically distinct. Third,
alternative life history forms are genetically distinct
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within a local area but are more similar to one another
than they are to their respective life history forms
outside the local area. Whether sympatric life history
forms are treated as single populations exhibiting
polyphenism or as reproductively isolated populations
has profound implications in decisions related to
protection and recovery of species (Zimmerman and
Reeves 2000; McEwan 2001).

In assessing the relationship between steelhead and
rainbow trout, no single answer has emerged with
respect to the population structure of this species.
Neave (1944) first examined the relationship of
steelhead and rainbow trout in the Cowichan River of
British Columbia using meristic analyses and rearing—
release experiments. Neave (1944) concluded that the
two life history forms should be treated as different
reproductively isolated populations and that migratory
behavior was hereditary. Zimmerman and Reeves
(2000) used otolith microchemistry and spawning
surveys to examine potential reproductive isolation
between steelhead and rainbow trout in the Deschutes
River, Oregon. Differences in the timing of spawning
and spawning locations suggested that steelhead were
reproductively isolated from rainbow trout. Further,
Zimmerman and Reeves (2000) used otolith micro-
chemistry to test maternal origin of adult steelhead and
rainbow trout and found that no adult steelhead were
the progeny of resident female rainbow trout and no
adult rainbow trout were the progeny of steelhead
females. As a result, Zimmerman and Reeves (2000)
concluded that the two life history forms were acting as
separate biological species in the Deschutes River.
Conversely, in the Babine River, British Columbia,
Zimmerman and Reeves (2000) detected steelhead and
rainbow trout that had a maternal origin corresponding
to resident rainbow trout and steelhead, respectively.
Using genetic methods, Narum et al. (2004) identified
genetic divergence and reproductive isolation between
steelhead and rainbow trout in the Walla Walla River,
Washington. Collectively, these results suggest that the
relationship of steelhead and rainbow trout varies
among locations. Introductions of nonanadromous
rainbow trout stocks derived from Sacramento River
populations to Argentina gave rise to anadromous life
history forms (Pascual et al. 2001), indicating that
rainbow trout found in the Sacramento River system
may contribute to steelhead populations in some
circumstances. To date, however, little work exists to
describe the relationship of steelhead and rainbow trout
in Central Valley streams.

Analysis of otolith microchemistry provides two
important tools in the study of migratory polyphenism
in salmonids. First, the chemical composition of
otoliths can be used to describe migration in anadro-

mous fishes (Kalish 1990; Secor 1992; Zimmerman et
al. 2003). Strontium (Sr), an element with similar
binding characteristics to calcium (Ca), is substituted
for calcium in the calcium carbonate matrix of otoliths
at levels relative to the concentration of strontium in
the environment (Kalish 1990; Zimmerman 2005). The
concentration of strontium is generally greater in
seawater than in freshwater. As a result, analysis of
Sr:Ca ratios across the otolith of a fish can be used to
describe the migratory history of that fish between
freshwater and seawater (Howland et al. 2001;
Zimmerman 2005). Further, comparison of Sr:Ca ratios
in the primordia and freshwater growth region can be
used to determine maternal origin (resident or anadro-
mous) based on the assumption that primordia
composition reflects the environment in which yolk
precursors develop (in the ocean for anadromous
forms) (Kalish 1990; Volk et al. 2000; Zimmerman
and Reeves 2002).

Although steelhead are monitored in some Central
Valley streams, such as the American and Feather
rivers, in some streams of the Central Valley their
occurrence has not been documented in recent years.
Anecdotal evidence and reports from anglers, however,
suggest that they are present in these locations. We
used otolith composition to determine maternal origin
(steelhead versus rainbow trout) and migratory history
of rainbow trout collected from seven Central Valley
rivers. From the results of maternal origin and
migratory history of rainbow trout we determined the
occurrence of steelhead in Central Valley rivers, the
results of which will better define the distribution of
steelhead, and thus aid in the development of
monitoring and recovery efforts.

Methods

Otolith collection—Otoliths were collected from
wild rainbow trout and steelhead found in the
presumed anadromous reaches of six Central Valley
streams: the Sacramento River, Deer Creek, and the
Yuba, Calaveras, Stanislaus, and Tuolumne rivers
between 2001 and 2007 (Figure 1). These streams are
representative of the two major river basins that are
found in the Central Valley, the Sacramento and San
Joaquin rivers. A few samples were also obtained from
fish in the Merced and San Joaquin rivers.

Fish and otolith collection efforts concentrated on the
upper anadromous reaches of most streams, specifically
in the spawning and rearing areas where rainbow trout
were most likely to be found. An exception to this was
the San Joaquin River, where only six juvenile rainbow
trout were collected from a smolt trap. Unlike the other
sites, where samples were collected from the upper
anadromous reaches, the smolt trap on the San Joaquin
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FiGure 1.—Central Valley rivers, locations of otolith sampling, and barriers to anadromy.
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River was located in the lower reach of the river and
downstream from significant tributaries such as the
Tuolumne, Stanislaus, and Merced rivers. Sampling was
primarily conducted during the months of October
through May, coinciding with steelhead migration and
juvenile emigration. Sampling was limited during
summer months because warm water temperatures
(>21°C) could result in excessive mortality of fish
during capture. Fish were captured by beach seining,
rotary screw traps, electrofishing, carcass surveys, and
hook and line. Fish that appeared to be sexually mature
were not sacrificed for otoliths. Each fish was measured
(fork length) and otoliths were removed, cleaned, and
stored dry in plastic vials. Where possible, otolith
samples were obtained from archives, incidental mortal-
ities from ongoing projects, and carcass surveys in order
to reduce the impact on Central Valley steelhead.

Otolith preparation and microchemical analysis.—
Before preparation for chemical analyses, otoliths were
immersed in water on a black background and reflected
light was used to accentuate the presumed annuli. The
age of each fish was determined by counting
alternating translucent and opaque regions. Under
reflected light, annuli correspond to the translucent
zone (Kalish et al. 1995). Fish were aged and grouped
by age-class as follows: young of year (age 0), age 1,
age 2, age 3, and age 4 and above.

One sagittal otolith from each fish was mounted
sulcus side down with Crystalbond 509 on a
microscope cover slip attached on one edge to a
standard microscope slide. The otolith was ground with
2000-grit sandpaper in the sagittal plane to the level of
the nucleus. The mounting medium was heated and the
otolith turned sulcus side up. The otolith was then
ground with 2000-grit sandpaper in the sagittal plane to
the level of the primordia and polished with a slurry of
0.05-pm alumina paste. The cover slip was then cut
with a scribe so that several prepared otoliths could be
mounted on a petrographic slide for chemical analyses.

Two methods of analysis were used to determine the
chemical composition of the otoliths. First, a wave-
length-dispersive electron microprobe was used to
determine maternal origin of each fish following the
methods of Zimmerman and Reeves (2000, 2002) and
Zimmerman and Nielsen (2003). Before analysis,
slides and otoliths were carbon coated. A 15-kV, 50-
nA, 10-pm-diameter beam was used for these analyses.
Strontiantite and calcite were used as standards for Sr
and Ca, respectively. The two elements were analyzed
simultaneously and a counting time of 40 s was used to
maximize precision (Toole and Nielsen 1992). The
Sr:Ca ratios were measured in a minimum of four
points adjacent to primordia and in an equal number of
points along a transect in the first summer of growth. A
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fish was determined to be of steelhead maternal origin
if the mean Sr:Ca ratio of the primordia associated
points (hereafter referred to as core region) was
significantly higher than that in the first-summer
growth region based on an unpaired one-tailed #-test
with o = 0.05. Based on these results, each fish was
classified as the progeny of a steelhead or rainbow trout
female parent.

After the determination of maternal origin, the slides
were polished to remove the carbon coat. Migratory
history (anadromous or nonanadromous) was deter-
mined for each fish by measuring the Sr:Ca ratio along
a standard axis from the center of the otolith core to the
edge of the otolith using a laser ablation system (New
Wave, 213 nm) coupled to an Agilent 7500c, quadro-
pole, inductively coupled, plasma mass spectrometer
(LA-ICPMS) following the methods of Arai et al.
(2007) and Brenkman et al. (2007). Laser transects
were conducted at a pulse rate of 10 Hz and a beam
diameter of 30 pm and run as a continuous scan from
core to edge. Calibration was conducted using
standardized reference materials (NIST 612). Calcium
was used as an internal standard. Core-to-edge
transects of the Sr:Ca ratio were visually examined
for significant increases in otolith Sr:Ca indicating
migration to higher-salinity environments.

Water chemistry—Because some freshwaters are
high in ambient strontium, it is important to confirm
water chemistry of locations where otoliths are
collected (Rieman et al. 1994; Zimmerman 2005).
Water samples were collected from a central location
within each stream reach where otoliths were collected
in March, July, and November in 2003, 2004, and
2005. Calcium and strontium were analyzed using
standard methods SM311B and SM3113, respectively
(APHA et al. 1992). Mean elemental concentrations
and molar ratios of Sr:Ca were calculated to charac-
terize water chemistry at each location.

Results
Maternal Origin and Migratory History

A total of 964 otoliths were examined to determine
age, maternal origin, and migratory history. Age-0 fish
were collected from only three sites: Deer Creek, Yuba
River, and Calaveras River (Table 1). Age composition
of samples analyzed varied among locations (Table 1).
Similarly, length composition of fish analyzed varied
among locations (Table 1; Figure 2). Mean length at
age varied among locations (Table 1).

Mean = SD otolith Sr:Ca ratios (reported as atomic
ratios) in the first-summer growth region (freshwater
growth region) ranged from 0.0005 = 0.0002 to
0.0016 = 0.0002 among sites. Mean otolith Sr:Ca
ratios in freshwater growth regions were positively
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TaBLE 1.—Mean = SD fork length (mm; sample sizes in parentheses) of steelhead and rainbow trout collected from Central

Valley rivers for otolith analysis between 2001 and 2007.

Age-class
Location 0 1 2 3 >4

Sacramento River 216 + 12 (8) 294 + 34 (12) 367 = 21 (32) 488 = 52 (102)
Deer Creek 81 = 8 (49) 142 + 28 (74) 208 *+ 15 (30) 297 = 28 (2)
Yuba River 68 + 24 (26) 228 + 2 (5) 271 = 24 (27) 348 * 25 (40) 424 + 29 (43)
Calaveras River 115 = 22 (16) 190 = 9 (29) 251 *= 28 (84) 335 = 29 (43) 479 = 104 (8)
San Joaquin River 238 = 37 (6)
Stanislaus River 175 = 20 (18) 253 = 28 (77) 342 = 27 (47) 474 * 74 (15)
Tuolumne River 178 = 14 (37) 251 % 36 (36) 356 = 23 (36) 444 *+ 36 (38)

Merced River

235 £ 25 (5) 348 £ 25 (5) 520 = 99 (13)

correlated with ambient water Sr:Ca ratios (> = 0.75, n
=7, P = 0.01; Figure 3). Mean otolith Sr:Ca in the
freshwater growth regions, however, was weakly
correlated with mean ambient water Sr concentrations
(?=0.11,n=7) indicating that it is the Sr:Ca ratio of
the water, rather than Sr concentration, that controls
otolith Sr:Ca ratios. Because only six fish were
collected in the San Joaquin River, it was excluded
from this regression.

Mean otolith Sr:Ca ratios in core regions ranged
from 0.0003 = 0.0003 to 0.0024 = 0.0001. The
difference between core and freshwater-growth-region
Sr:Ca ratios were of a bimodal distribution with modes
corresponding to assigned maternal origin (Figure 4).
Of the 964 otoliths examined, 224 were classified as
steelhead progeny and 740 were classified as progeny
of rainbow trout females. The proportion of steelhead
progeny ranged from 0.04 in the Merced River to 0.74
in Deer Creek (Figure 5). Of the six juvenile fish
captured in the San Joaquin River at Mossdale,
presumed to be steelhead smolts based on location
and date of capture, coloration, and size, two fish were
classified as having a maternal origin of steelhead,
while four fish were of rainbow trout maternal origin.

Otolith Sr:Ca ratios along the transects of otoliths
from 959 fish were low across the entire transect and
consistent with patterns expected for rainbow trout
(Figure 6). Five fish were characterized by increased
Sr:Ca ratios in the older otolith growth regions
indicating migration to high Sr:Ca ratio (presumably
marine) environments (Figure 7) and were classified as
steelhead. The fork lengths of these steelhead ranged
from 455 to 700 mm and all steelhead were age 4 or
older. Two adult steelhead were detected in the
Calaveras River (535 and 700 mm), and one steelhead
was detected in the Sacramento River (460 mm),
Stanislaus River (690 mm), and Tuolumne River (455
mm). Three rainbow trout greater than 600 mm were
collected in the Merced River, but none of these were
characterized by increased otolith Sr:Ca ratios indicat-

ing that they had not migrated to saltwater. Similarly,
eight fish of 570-600 mm were captured in the
Sacramento River and were all classified as rainbow
trout. Two fish were classified as “unknown” migra-
tory history because otolith transects were measured
through vateritic regions and a reliable migratory
history could not be determined (Brown and Severin
1999).

Water Chemistry

Mean Sr concentrations at all sites were less than 1
mg/L, and mean Ca concentrations ranged from 4.54 to
33.58 mg/L (Table 2). The Sr:Ca ratios of ambient
stream water ranged from 2.1 to 8.1 mmol/mol among
the sampling sites and dates and mean Sr:Ca ratios
ranged from 2.88 to 6.74 mmol/mol (Table 2). San
Joaquin River was characterized by Sr:Ca ratios
ranging from 5.5 to 8.1 mmol/mol, which are
approaching values observed in marine waters, which
range from 8.6 to 8.74 mmol/mol (Bruland 1983;
Nozaki 1997). Donohoe et al. (2008) determined that
discrimination of steelhead versus rainbow trout
progeny using otolith Sr:Ca core values is appropriate
in streams with water Sr:Ca ratios less than 5 mmol/
mol but limited at higher values. Using this criterion,
water chemistry among all locations, with the excep-
tion of the San Joaquin River, are low enough to allow
discrimination of maternal origin.

Discussion

We detected steelhead progeny in all of the Central
Valley streams examined, and simply documenting the
occurrence of steelhead progeny in some of these sites
is significant. Owing to limited monitoring of steelhead
in Central Valley streams, there is little information
concerning the distribution of steelhead spawning.
These results begin to address this gap in our
knowledge of steelhead distribution and life history
within the Central Valley. Because otolith-based
analyses are lethal, we were unable to collect sufficient



STEELHEAD AND RAINBOW TROUT IN CENTRAL VALLEY RIVERS 285

20 4 Sacramento River

0 +——T—7+——
20 { Deer Creek

LI S B I S S S Sy B B B S N B I B B S

20 4 Yuba River

Calaveras River

Number of fish

T

Stanislaus River

Tuolumne River

Merced River

0 100 200 300 400 500 600 700
Fork Length (mm)

Ficure 2.—Frequency distributions of the fork lengths of steelhead and rainbow trout collected from Central Valley rivers for
otolith analysis.
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freshwater growth region for 964 steelhead and rainbow trout captured in Central Valley rivers between 2001 and 2007. Black
bars represent fish classified as rainbow trout progeny, gray bars fish classified as steelhead progeny.
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samples to determine the actual contribution of
steelhead and rainbow trout progeny at these sites at
any single point in time.

Our estimates of steelhead occurrence should be
viewed as conservative. For example, the fish classified
as rainbow trout of maternal origin that fall in the upper
mode of Figure 4 were classified as rainbow trout
because the difference in mean core and freshwater-
growth-region Sr:Ca ratios was not significantly
different even though it was high. There are two
reasons that fish could have been misclassified. First, if
ambient water conditions are high in Sr:Ca ratio,
nonmigratory rainbow trout would have Sr:Ca ratios in
the core that would be indistinguishable from steelhead
progeny. To confirm this was not the case, we sampled
ambient water to ensure we could distinguish the two
forms. Secondly, dilution of core Sr:Ca ratios has been
observed in steelhead that make long freshwater
migrations or overwinter in freshwaters before spawn-
ing (Volk et al. 2000; Donohoe et al. 2008).
Presumably, winter steelhead (the form found in
Central Valley streams) do not remain sufficiently
long in freshwater to result in significant dilution, but
Donohoe et al. (2008) found evidence of such dilution
effects when coupled with higher ambient Sr:Ca ratios
in some streams. Donohoe et al. (2008), therefore,
suggested that determination of maternal origin should
be limited to fish coming from streams with Sr:Ca
ratios less than 5.5 mmol/mol. All tributary sites we
examined were below this value (Table 2). Donohoe et
al. (2008) provide a model approach to use in place of
methods used by Zimmerman and Reeves (2002).
Zimmerman and Reeves (2002) used #-tests to compare
mean Sr:Ca ratios in primordia with those in the
freshwater growth region (as we did in this study); if
mean primordia values were significantly higher than
mean freshwater-growth-region values, the fish was
classified as the progeny of an anadromous female. The
method presented by Donohoe et al. (2008) uses core
Sr:Ca values, migration difficulty index (elevation X
distance from ocean), and ambient water Sr:Ca ratios to
distinguish progeny of anadromous and nonanadro-
mous rainbow trout. We used the equations provided
by Donohoe et al. (2008) to calculate predicted otolith
core Sr:Ca ratios for resident and anadromous progeny
in our study sites. Observed mean core Sr:Ca ratios for
progeny classified as resident and anadromous were
similar to those predicted by the Donohoe et al. (2008)
model indicating that both methods are appropriate for
assessing maternal origin for fish from these streams
(Figure 8). Deer Creek, however, stands out as an
outlier with greater observed mean core Sr:Ca ratios
than predicted using the Donohoe et al. (2008) models.
Given the distance and elevation of Deer Creek, the
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FiGURE 6.—Representative transects of otolith Sr:Ca ratios for fish classified as resident rainbow trout from two Central Valley

rivers.

Donohoe et al. (2008) model predicts that we should be
unable to use core Sr:Ca ratios to discriminate
anadromous and nonanadromous progeny. It is unclear
why this population stands out with greater core Sr:Ca
ratios than predicted.

The otoliths collected from juvenile rainbow trout in
the San Joaquin River at Mossdale (location 5 in Figure
1) were presumed to be from steelhead smolts based on
coloration but turned out to be from fish of both
steelhead and rainbow trout maternal origin, suggesting
that rainbow trout can produce smolts in the Central
Valley. With such a small sample size we are unable to
draw conclusions about the contribution of progeny of
rainbow trout females to the emigration of smolts.
Similarly, in presumed steelhead smolts collected in an
estuary of a small central California coastal stream
(Pilarcitos Creek at Half Moon Bay), juveniles of both
steelhead and rainbow trout maternal origin were
present (C. E. Zimmerman, unpublished data). Further
work is needed to assess the contribution of rainbow
trout progeny as smolts and the fate of these fish
compared with smolts of steelhead maternal origin.

Our results do suggest that the proportional
occurrence of steelhead progeny may vary among
locations. Deer Creek, for example, is dominated by
steelhead progeny while the Tuolumne and Stanislaus
rivers were dominated by rainbow trout progeny. In the
Sacramento River, progeny of steelhead were present

in samples of age-1 and age-2 fish, but rare in age-3
and older samples. Since steelhead in the Sacramento
River predominately smolt at age 2 (Hallock 1989), it
is likely that the reduction in the occurrence of
steelhead progeny in older ages is a result of smolt
emigration.

Further work is needed to better assess the
contribution of steelhead and rainbow trout to the
anadromous population of O. mykiss in streams
throughout the Central Valley. Tagging studies of
smolts and pedigree studies such as those described by
Seamons et al. (2004) and suggested by Hendry et al.
(2004) could provide an opportunity to address the
relationship of steelhead and rainbow trout and the role
of environmental variables in controlling life history.
Studies of this sort could use hypervariable microsat-
ellite markers to assess lifetime reproductive success of
individuals that adopt different life histories (steelhead
versus rainbow trout) across a range of stream
conditions and individual characteristics such as
growth, size, energy density, and age (Hendry et al.
2004). Although studies of this type would be difficult
and costly, they offer the promise of better understand-
ing the relationship of anadromous and nonanadro-
mous life history forms as requested by Lindley et al.
(2007). Paired studies built upon existing monitoring
efforts across the range of environmental conditions
observed in Central Valley streams (such as Deer
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FiGure 7.—Representative transects of otolith Sr:Ca ratios for fish classified as anadromous rainbow trout (steelhead) from

four Central Valley rivers.

Creek and the Stanislaus River) provide ample
opportunity for studies of this type.
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TasLE 2.—Elevation, distance from the Golden Gate (entrance to San Francisco Bay), mean = SD Ca concentration, mean *
SD Sr concentration, and Sr:Ca ratio of sampling sites in Central Valley rivers. Water samples were collected in March, July, and
November of 2003, 2004, and 2005; n =9 for each site. Site numbers correspond to those in Figure 1.
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